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OBSERVATION OF LOW ENERGY PROTONS IN THE

GEOMAGNETIC TAIL AT LUNAR DISTANCES

by

David Alfred Hardy

ABSTRACT

Using the three Suprathermal Ion Detectors stationed on

the moon, we have detected a region of plasma flowing anti-

sunward along the ordered field lines of the geomagnetic tail.

This plasma flow is found within the tail, but exterior to the

plasma sheet. It exhibits characteristics uniquely different

from the other particle regimes traversed by the moon. The

particles display an integral flux of from .1 to 9 x 107 ions/

cm2 sec ster, a bulk velocity of from 100 to 250 km/sec, tem-

peratures in the range .4 to 5 x 10 5 degrees Kelvin and number

densities between .1 and 5/cm3 .

The magnetic field configuration for the times during which

the particles were observed exhibits a direction and magnitude

that is indicative of the lobes of the geomagnetic tail. In

addition, no consistent deviation in the field is seen to corre-

spond with the occurence of the events. The events have an angu-

lar distribution extending over between 50 anld 100 degrees.

Spatially the events extend over a wide region in both the

Y and Z directions. Continuous observations of these particlessm sm

are seen over distances as great as 17 R in the Y direction and
e sm

12 R in the Z direction. The majority of the encounters with
e sm



this flowing plasma, however, are found in a 12 Re ,ide region

adjoining the magnetopause. Also there are wide variations be-

tween tail passages as to the extent of time over which the par-

ticles are seen with an apparent correlation between the number

of hours of observation and the Kp index averaged over these

times.

It is proposed that these particles may have entered through

the cusp region. The particles could then be convected down to-

wards the neutral plane by E x B drift and eventually be acceler-

ated by a neutral line to produce the particles in the plasma sheet.



CHAPTER ONE

1.1 Introduction

The near earth space environment is dominated by the inter-

action between the dipole magnetic field of the earth and 
the fully

ionized plasma which flows outward from the suns corona 
[the solar wind].

This interaction results in the production 
of particle reservoirs and

currents systems which grossly distort the 
earth's field. The investi-

gation as to the exact nature as to 
these processes has been and remains

a fruitful area for research.

The general configuration for the region 
is shown in Figure 1.1.

The plasma of the solar wind travels outward 
from the sun achieving a

velocity of - 400 km/sec and a number density of ~ 5/cm3 by the time

it reaches the near earth region. Because of its high conductivity it

carries with it the solar magnetic field 
lines. Since its speed is

much greater than the Alfvn speed the 
flow is supersonic and a shock

front is produced when this flow encounters the 
obstacle presented by

the earth's magnetic field. This standoff shock is normally found

15 R in front of the earth. It thermalizes the plasma, i.e., 
it

changes much of the flow energy into 
random thermal energy. These

particles continuing to stream 
toward the earth form a region 

called

the magnetosheath. These particles in the magnetosheath 
continue to

compress the earth's field behind 
the shock until the increase in

magnetic pressure of the earth's 
field balances the particle and

field pressures of the flowing plasma. 
This region where the earth's

field generally excludes the solar plasma is 
known as the magnetosphere

with the boundary between the two regions being called the 
magnetopause.



Figure 1.1 Cross sectional representation of

the earth's magnetosphere, the mag-

netosheath, bow shock, and solar

wind. (Hess, 1968)
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The magnetosphere is immensely complicated comprised as it is

of a large number of interrelated field and particle regimes. Close

to the earth the field is generally near to its dipole configuration.

As one considers regions progressively more removed from the earth the

deviation becomes more and more significant. One of the most remarkable

aspects of this is the generally drawing out of the field lines from the

polar caps to form an extended magnetic region known as the 
geomagnetic

tail.

The tail is one of the most intriguing subjects in magnetospherics.

Despite 14 years of research much of its basic nature remains unclear

or disputed. Its possible existence was first proposed by Piddington

(1960). He suggested that geomagnetic storms arose from the arrival of

solar plasma which by pulling back the polar field lines to form a

tail, would decrease the earth's field as is observed. Though such a

theory failed to account -for all the aspects of a geomagnetic storm, it

did correctly show that streaming plasma could extend the polar field

lines. The case for a continuous streaming plasma was considered

shortly later by Johnson (1960).

The first observational evidence for such a region was pro-

vided by Explorer X (Heppner et al., 1963) when a basically antisunward

pointing field was found just within the magnetopause at 22 Re 
. This

was later confirmed by the Explorer XIV instruments (Cahill, 196 4 a)

which mapped the field back to 16 Re . It was shown that the field was

approximately dipolar out to ten earth radii. Beyond this there was

substantial deviation observed with a generally tail like configuration

at the satellites apogee (16 Re). The final comfirmatory evidence

was provided by the IMP 1 Satellite which mapped the tail out to 34 Re
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(Ness, 1965). It was shown that the tail configuration commenced at

~ 10 Re and in all likelihood extended much beyond the 34 R to which the

satellite's orbit extended. It now appears that the tail extends to at

least 80 Re with the theoretical models predicting a length anywhere

from 100 Re (Dungey, 1965) to 20 - 50 A.U. (Dessler, 1965).

There exists as of the moment no theory which fully accounts

for the nature of the tail's fields and particles. Its morphology,

however, has been fairly well ascertained. It consists of two tubes

of flux which are swept principally from the two polar caps. This

sweeping back of magnetic field lines produces a null region or cleft

in the front of the magnetosphere where the lines go from the closed

dipole configuration to the streaming configuration of the tail.

Between the two bundles there is a neutral sheet; a current sheet

where the magnetic field magnitude is close to zero and across which the

field vector changes directions by 180' (Ness, 1964). Surrounding the

neutral sheet above and below is a region of warm plasma called the

plasma sheet. In the near earth region it has a total thickness of

- 6 Re at the median of the tail (Bame et al., 1966) with a flaring

towards the magnetopause to.approximately twice this value. The

magnetic field magnitude is generally smaller in the plasma sheet

than in the lobes with a gradual increase in the field magnitude as

the distance perpendicular the neutral plane increases. There is also a

general thinning of the plasma sheet for increasing distance away from

the earth. It extends, however, at least as far as lunar distance

(Rich, 1972).
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As stated before the exact nature of the mechanisms which 
lead

to the production of a tail configuration as described 
above are not

known. Two, approaches, however, are generally popular. The first

relies on a viscous interaction between the interplanetary 
and terrestrial

fields in order to pull the field lines out to some distance behind the

earth (Piddington, 1963). The other approach requires a direct connection

of the field lines between planetary and interplanetary 
regimes. The

interplanetary field lines would then tend to draw 
out the earth field

lines as the plasma in which they are imbedded flows past 
the earth.

Though either of these mechanisms can describe 
the general

distortion produced they have difficulty in accounting 
for the detailed

nature of the region. The plasma sheet's origin, in particular, remains

a considerable problem. Both a continuous particle source and an

energizing mechanism are required to account 
for the existence of the

particles. Although many theories have been proposed 
to account for this

region none has been conclusively successful as 
of yet.

A new particle regime has been recently discovered which may

shed some light on the problem of a source mechanism 
for the plasma

sheet. The regime consists of a region of streaming plasma flowing

along the ordered field lines of the high 
and low latitude lobes of

the tail (Hones et al., 1972; Hones et al., 1973; Akasofu et al., 1973).

This plasma, observed with the Vela satellites, exhibits 
fluxes only

slightly less in intensity than those found in the magnetosheath. In

addition these particles possess a bulk velocity 
of from 100 to

250 km/sec, number densities generally 
less than i/cm

3 , and electron

temperatures generally higher than those in 
the magnetosheath. (No

exact representative numbers are given for the 
electron temperature



-or number density in the articles cited above.) The observations from

which these conclusions are derived were obtained at a distance of

18 earth radii down the tail. The particles at this distance are seen

principally near the flanks of the tail with a maximum thickness of

several earth radii and a thinning of the spatial extent with decreas-

ing distance from the neutral plane. Since at 18 earth radii the

phenomenon appears to consist of a boundary region between the magneto-

sheath and the tail it has been called the "boundary layer" by Akasofu.

Such a region of flowing plasma is important since it is at least

potentially the observation of particles which have entered through

the cleft and which further downr the geomagnetic tail may be accelerated

by a neutral line to produce the plasma sheet particles. Events which

are similar to those observed by the Vela satellite have been observed

at lunar distance by the Apollo Suprathermal Ion Detector Experiment

(SIDE). It is in order to better understand these events and their

relationship to the overall tail structure and maintenance that this

study has been undertaken.



CHAPTER TWO

2.1 Description of Instrument

The data analyzed in this thesis was obtained from the three

Suprathermal Ion Detector Experiments (SIDE) placed on the moon during

the Apollo 12, 14, and 15 missions. These instruments, part of the

Apollo Lunar Surface Experimental Package (ALSEP), are all basically

of the same design. They consist of two particle detectors arranged

in a side by side configuration. One, the Total Ion Detector (TID)

is capable of discriminating positive ions by their energy per charge

irrespective of mass. The ot.hcr instrument, the Mass Analyzer (MA),

is capable of discriminating positive ions according to both their

energy and mass per charge.

The energy descrimination is accomplished in both devices

through the use of a curved plate analyzer. This device consists of

two curved plates with radii of curvature a and b, respectively

(a < b) with a potential Vo applied across the gap between them

(see Figure 2.1). This Vo produces a potential within the gap as a

function of r given approximately by

V(r) = (von(r/a))/an(b/a)

and an electric field,

E(r) = V/rn(b/a)



Figure 2.1 Trajectories for particles pass-

ing through a flat plate analyzer,

a curved plate analyzer, and a Wien

filter assuming that the voltages

are arranged so that the particle

may travel to the counter.
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The incoming particles, collimated by the aperture for the

device, enter the region of the curved plate travelling approximately

perpendicular to the cross sectional area between the plates. In

this region between the plates they are accelerated by the electric

field and are thus made to travel in an arc of some radius r'. If

the radius of curvature of this arc is within the limits of the curved

plates, i.e., greater than a but less than b, the particles will travel

through the device to the counter. This requirement for a particle to

pass through the device is equivalent to a balancing between the

centrifugal force produced by the particles circular motion

F = mV/r ,

and the force arising from the electric field

Fe = qE = qVo/rtn(b/a)

This gives

F = F ,c e

or

m/g = Energy/q = V /n(b/a)
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Since my2 is the kinetic energy of the particles, by varying Vo, the instru-

ment can be made to sample different energy ranges for the incident

particles.

In the Mass Analyzer the mass discrimination is accomplished

by using crossed electric and magnetic fields. The device consists of

two parallel plates across which a voltage is applied and two permanent

magnets arranged perpendicular to the plates. In general, particles

entering the region where the two fields are operating will undergo

displacement caused by both the electric and magnetic forces. This

will tend to deviate the particle's trajectories so that they will not

be observed. Only those particles for which the two forces are balanced

will pass through without deviation and travel to the curved plate and

therefore to the counter. The requirement for this to take place is

that the Lorentz force be zero, i.e.,

q(E + v x B) = 0

v = E/B

v = V /Bd

where V is the potential across the plates and d the plate separation.
1

In the proceeding paragraph it was found that the condition for a

particle to pass through the curved plate was that the centrifugal and

electric force balance. This condition can be written as

m/q = v /An(b/a)v2
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Which after substituting for v2 gives,

m/q = V B /An(b/a)V 2O 1

The right hand side of this last equation contains only known quantities

(B, d, b, and a) and voltages (Vo and V ) which can be varied. There-

fore, by adjusting V0 and V the device can scan different mass ranges.

2.2 Design of Instrument

Figure 2.2 shows a schematic representation of the instrument;

the upper section shows the Mass Analyzer and the lower section the

Total Ion Detector. Both devices, as explained before, possess a

curved plate analyzer for determining the energy of the particles.

For the Mass Analyzer this is known as the Low Energy Curved Plate

Analyzer (LECPA). It spans an energy range from .2 eV to 48.6 eV

in six steps; 48.6 eV/q; 16.2 eV/q; 5.4 ev/q; 1.8 eV/q; .6 ev/q, and

.2 eV/q. It is proceeded by a Wien filter which produces the mass

discrimination. At each energy the device steps through twenty mass

channels. The Total Ion Detector's curved plate is called the High

Energy Curved Plate Analyzer (IIECPA). It measures the energy per charge

of ions from 10 eV/q to 3500 eV/q in twenty steps; 10, 20, 30, 50, 70,

100, and 250 eV/q and then by increments of 250 eV/q up to 3500 eV/q.

In both cases the particles are counted by a Bendix channeltron ,

i.e., a channel electron multiplier. This device is held at. a potential

of 3.5 kilovolts in order to accelerate the particles after they leave

the curved plate. This increases the detection efficiency of the channel-

tron by multiplying the number of secondary electrons emitted by the incident

ion.

tRegistered Trademark
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The screen attached in front of the devica is connected through a

voltage stepping mechanism to a web like conducting screen laying on the

lunar surface. This procedure couples the instrument electrically to the

surface and thus leaves the region in front of the devices at a known

voltage relative to the surface. The stepper voltage supply passes

through 23 voltage steps from -27.7 volts to +27.7 volts with a change

taking place everytime the instruments cycle through SIDE frame. This

has been used extensively to determine the lunar surface potential in the

magnetosheath (see Fenner et al., 1972). Figures 2.3 and 2.4 show the

normal configuration and the deployed arrangement.

2.3 Location and Orientation

As stated previously the three instruments were stationed

on the moon during the Apollo 12, 14, and 15 missions. The Apollo 12

instrument was deployed at longitude 23.5"W and latitude 3.0 S in the

Ocean of Storms. It was stationed so as to look 15' west from the

local vertical and approximately in the ecliptic plane. The Apollo 14

instrument was positioned 6" east of the Apollo 12 instrument at longitude

17.5"W and a latitude of 3.7"S in the Fra Mauro region. It was deployed

with its look direction 15" due east from vertical again pointing

approximately in the ecliptic plane. Since the two instruments are

separated spatially by six degrees in longitude, the total-difference

in their look directions is 36". The Apollo 15 instrument was deployed

at a latitude of 26.11N and a longitude of 3.65"E in the Hadley Rille

area, i.e., more than 300 north of the other two instruments and 200 east

of the Apollo 14 instrument. Its look direction is 15" east and

260 south of the local vertical so that it too points generally in



Figure 2.2 Schematic representation of the

of the operating components of the

SIDE.

Figure 2.3 Deployed configuration for the

Apollo 12 SIDE.

Figure 2.4 Photographs of the deployed SIDE on

the moon.
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theecliptic plane' Since it is 20" eastward of the Apollo 14 instrument

while making the ,ame angle eastward from the vertical 
as the Apollo 14

SIDE, the differe ce in their look direction is 20'. For the.12 and 15

devices the diffei ence in look directions is 56". 
Figure 2.5 shows

the location of t e instruments on the lunar surface. Figure 2.6

shows the look d'iections for the three instruments for 
various times

throughout one coi
plete lunation.

2.4 Data Conv;rsion

The SIE oastrument accumulates data for 
1.13 seconds in each

channel of both t TID and MA. A period of .07 seconds is used after

this 1.13 seconds to read out the data and adjust the instrument 
to

the next channel. It takes, therefore, twenty-four seconds (20 channel

x 1.2 seconds/chat4el) to cover the twenty 
channels to produce a

single mass or enr
g y spectrum. What is returned in both cases is the

channeltron record
l ed counting rate for the data accumulation 

period.

Before these coun
Cing rates can be utilized they must first be converted

into the actual d fferential flux observed by the instrument. 
To

accomplish this crjversion two quantities must first be known; the

geometric factor +or the instrument and 
the passband for particles

in each channel. "he latter of these two quantities, the passband,

refers to. the ranr
e in energy or mass which will be detected when the

instrument is in 4: given channel. It is obvious for instance, that

the 50 eV channel of the TID will admit particles 
of energy other

than exactly 50 e 'q. From the geometryopf the curved plates one

knows that particeps with energy less than 50 eV/q can be 
seen by the

channeltron if thr
y enter the curved plate analyzer closer to 

the far



Figure 2.5 Location of the three SIDE's on the

lunar surface.

Figure 2.6 Look directions of the three SIDE's

during the course of one complete

lunation.
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plate. Similarly, higher energy particles can be detected if they enter

closer to the inner plate. In a like manner with the Wien Filter, there

exists some range in velocity where the deviation produced in the

particle trajectory by the electric and magnetic fields will be suffi-

ciently small so that the particles will pass through the filter to the

curved plates and therefore potentially to the channeltron.

In general, one expects the counting rate to depend on the

effective area of the detector, A(E); the effective solid angle for

observation, .(E); the detector efficiency, e(E); the incident flux,

J(E,n); and the passband, BE. All these quantities are expected to be

energy dependent so that

CR(E) = A(E).n(E)e(E)j(E,.)AE .

It is difficult to measure A(E), A(E), and e(E) independently. Their

product, however, known as the geometric factor, can be measured with

greater ease,

G(E) = A(E)n.(E)e(E)

CR(E) = G(E)j(E)&E

This means that if the geometric factor and bandwidth are known the

differential flux can be calculated from the counting rate

j(E,) = CR(E)/G(E)E .
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From the extensive calibration performed on the instruments

(Lindeman, 1973) a value of G = 10 4 cmn ster and a bandwidth of 10%

of the central energy for a given channel were calculated. The general

conversion formula is, therefore

j(E) = CR(E)/.1(E)(G) = SFN(E)/.113(E)(G) ,

where SFN(E) is the SIDE frame counts in a 1.13 second accumulation

period. The uncertainty in this number is approximately + 70%.

2.5 The Explorer 35 Magnetometer

The magnetic field data used in this thesis was obtained from

the NASA/Ames Research Center fluxgate magnetometer aboard the

Explorer 35 satellite and was provided by Dr. D. S. Colburn. The

instrument has been described in detail by Mihalov et al. (1968).

Briefly, however, it operates as follows. The device consists of three

perpendicular detectors which make a measurement of the field every

6.14 seconds in each of three scales; 0-20, 0-60, and 0-200 gammas.

These measurements are then spin demodulated onboard the spacecraft and

telemetered back to earth. The data used in this analysis comprises

81.8 second averages of this data plotted in solar equatorial coordinates;

a system in which the xy plane is tilted 7" to the solar ecliptic plane.

.The magnetometer is stationed onboard the Explorer 35 satellite

which haas been orb~tng t~emoon since 1967. The .satellite has an

aposelene of 5.42 lunar radii (1.425 Re ) and a periselene of

1 . 44 lunar radii (.378 Re ) with the.lane of the orbit generally in

the ecliptic.



There are several difficulties with the data. First, the satellite

possesses no onboard recorder thus there is a loss of data when the

satellite is occulted by the moon and telemetry coverage is cut off.

Second, there is a weakness in the onboard batteries which results

often in the sudden loss of data when the solar panels are either in

the shadow of the moon or the earth. Thirdly, the satellite lost its

reference in longitude. The data is internally consistent and merely

appears shifted by some unknown angle in longitude. This offers no

difficulty in the tail since the true angle can be found to within 100

by comparing the longitude angle of the field as reported by the

satellite to the known field longitude in the lobes of the tail (180"

or 360').

The data presents one other difficulty. There is a distance

varying between .378 and 1.425 Re between the point at which the

magnetic field is measured and the point where the particle flux is

measured. This can produce a time difference between when an event,

such as a magnetopause crossing, is seen in the magnetic field and

when it is observed in the spectra observed by SIDE.

2.6 Method of Data Analysis

The calculation of parameters from the data; integral flux; bulk

velocity, temperature, and number density, were accomplished by

numerically integrating over the experimentally derived distribution

function. To do this the counting rates in the twenty energy channels

were averaged over one SIDE cycle (6 full spectra) and the background

was subtracted. Then by dividing by the bandwidth and the geometric

factor the comparable differential flux was calculated. The differential
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flux spectrum was then converted into the distribution function by

converting the energy channels into their equivalent velocity channels

and multiplying the flux by the conversion factor m /2E i . Theoretically

the parameters can be approximated by taking the moments of the distri-

bution function f(v)

Integral flux = I = J(E ,.)dE

Bulk velocity = Vb = yf(v)vdvl/N

Thermal speed = VT = f(v-vb)2f(v)d3v/N

Number density =
Vb

where A' = the angular extent over which the event is isotropic and N

is the particular number density.

The actual numerical method employed utilizes the following

summed approximations

Vb f(v)v(v + ~ 2 (vi+ )/2

T = (m/2k)Ef(vi )(v - v b)2 (v i+ - vi)/2 f(vi)(v i+ - v.i Ali

I = E(Ei)(Ei+1 - Ei )/2

where the summation is taken over the twenty energy or velocity channels

of the TID.

Inorder to equate the integral (i/N) vf(v)d 3 v to the bulk ve-
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locity one must make the assumption that the contribution to

the velocity from the thermal motion of the particles is negli-

gible compared to the contribution from the flow motion. Since

our instruments are fixed relative to the lunar surface, we have

no easy, direct method of ascertaining that this assumption is

justified for the fluxes of interest in this study. We find,

however, that the results derived using this assumption are con-

sistent witn observations of the flow made at lesser X distances
sm

with the Vela and HEOS satellites. The assumption, therefore, ap-

pears to be self-consistent. Such a method is, however, obviously

inapplicable in the plasma sheet where the vaste majority of the

energy is in the thermal motion of the particles.

This assumption is further supported by observations of the

same particles by the ALSEP Solar Wind Spectrometer (SWS). For

several events for which data is available from both the SIDE

and SWC, Dr. Goldstien (private conversation) has been able to

confirm that the plasma is indeed flowing approximately antisunward

with velocities commenserate to those measured by the SIDE's.
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same particles by the ALSEP Solar Wind Spectrometer (SWS). For

several events for which data is available from both the SIDE

and SWC, Dr. Goldstien (private conversation) has been able to

confirm that the plasma is indeed flowing approximately antisunward

with velocities commenserate to those measured by the SIDE's.
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CHAPTER THREE

3.1 Introduction

The three Suprathermal Ion Detectors stationed at the Apollo 12,

14, and 15 sites observe intense fluxes of low energy protons (LEP's)

associated with the passage of the moon through the geomagnetic tail.

These fluxes appear in the data as a significant increase in the count-

ing rate in the Total Ion Detectors' eight lowest energy channels which

span an energy range from 10 to 500 electron volts. The most prominent

events are centered in the 50, 70, or 100 eV channels. The events

range in duration from as short as five minutes to as long as a full

day or more with wide variations in the intensity and frequency of

occurrence with time within a given tail passage as well as between

separate tail passages.

The particle fluxes to be considered in this thesis, were

positively identified as,having a composition which is primarily

protons. This fact was ascertained by the observation of significant

peaks in the mass channels for protons in the Mass Analyzer of the

Apollo 15 instrument. (see Figure 3.1a) No real counts for other

particle species besides protons have, as yet, been detected above

the background of the instrument. The other peaks seen in Figure 3.1

have not been confirmed to be statistically significant.

In the present analysis fifteen lunations of tail data have

been used covering all the lunations in 1972 from the 28'th of

January and the first three lunations of 1973. Altogether these

orbits provided observations for 265 LEP events comprising almost two

hundred hours of data. The location in time of these events was obtained

through the use of Apollo 14 data exclusively. Verification of the



Figure 3.la Plot of the counting rates for

the 48.6 eV/q, 16.2 eV/q, and 5.4

eV/q channels of the Apollo 15

Mass Analyzer. The plot shows a

sustained period of observation of

particles in the third mass channel.

Counts in this channel represent

particles of 1 amu.

Figure 3.1b Plot of the positive ion plasma

parameters showing the entry of the

moon into the magnetotail.
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occurrence of the events was accomplished by checking against Apollo 12

and 15 data where it existed. No cases have yet been found where the

verification failed when simultaneous data from the other instruments

was available. Similarly there were never observations of events

in the Apollo 12 and 15 instruments which were not seen at the same time

by Apollo 14. It should also be noted that no significant time differenc

in onset or falloff of the LEP events were observed with comparable

data from the three instruments.

In Table 1 are listed the approximate times for entry and exit

of the moon from the geomagnetic tail, the total times to the nearest

hour the moon was in the tail, the number of hours of the tail passage

dominated by the observation of low energy protons (LEP), and what

percentage of the tail passage this comprises. The times of entry and

exit cannot be determined exactly since the bulk motion of the magneto-

pause tends to cause multiple crossings of the moon in and out of the

tail.. An approximation as to the times of entry and exit from the tail

was nonetheless determined by noting the final falloff or initial rise

in the integral flux as well as the point of disappearance or appearance

of the characteristic magnetosheath spectrum. Where possible this was

further verified by the use of the Explorer 35 magnetometer data.

An example of such a tail entry is seen in Figure 3-lb taken

from the first lunation of 1973 for the Apollo 14 instrument. We have

calculated in this graph the logarithm of the integral flux and

temperature as well as the bulk velocity and number density, all as

functions of time. A sudden drop off in the integral flux is observed

on day 16 GMT 1640 accompanied by a falloff in the bulk velocity

and number density. This coupled with the disappearance of the magneto-

sheath spectrum indicates entry into the tail.



Table 1

Lunation Time of moons Time of moons Hours moon in Hours of percentage
entry into tail exit from tail the tail LEP events of tail domi-

nated by LEP's
1 028:12:00 031:07:00 88 16.167 18.37
2 057:23:00 062:03:00 94 14.50 15.42
3 088:20:37 091:12:21 72 42.683 59.28
4 117:22:41 121:03:40 100 16.350 16.35
5 147:00:00 151:05:00 101 2.10 2.00
6 176:19:45 180:00:00 79 3.083 3.90

7 205:19:01 210:01:00 102 13.650 13.38
8 235:10:00 238:22:20 84 5.667 6.75
9 264:21:42 268:10:00 75 21.132 26.84
10 294;22:00 298;03:00 77 8.00 10.39
11 324:00:01 327:15;00 87 6.232 7.16
12 352:06:20 357:00:40 90 3.81 4.01
13 016:17:00 020:01:00 81 11.733 14.49
14 046:07:22 050:03:00 92 17.117 18.66
35 076:09:00 079:04:00 62 17.533 28.28



Of the fifteen lunations studied, Explorer -35 data has been

obtained for the four tail passages of interest; three in 1972 (Luna-

tions 1, 2, and 9) and one in 1973 (lunation 13). In order to present

a clear picture as to the detailed nature of the events studied, these

lunations will be presented in greater detail. One other lunation

(lunation 3) for which magnetic data is not available but which

exhibits events of interest will also be presented in some detail.

3.2 Lunation I

The first tail passage of interest lasts from approximately

day 28 GMT 1200 to day 32 GMT 0700. The general behavior of the data

for this tail passage is shown in Figures 3.2 and 3.3. In these graphs,

the twenty energy channels have been plotted along the x axis with an

equal space between each channel. In the y direction is plotted the

logarithm of the average counting rate in each channel and in the z

direction is plotted time. Each line represents a twenty minute

average of the data.

Referring to Figure 3.2 one sees that four LEP events are

observed in the 18 hours following the moons entry into the tail at

GMT 1245 on day 28. These LEP events, having durations of from 1.5

to 4 hours, are distinct from the magnetosheath in that significant

counts are only seen for the energy channels below 500 eV/q. The forty

hour period following their disappearance at GMT 0742 on day 29, displays

only occassional significant counts in the higher energy channels of

the TID (E > 250 eV/q). These are interpreted as encounters with the

plasma sheet.
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Figure 3.3 shows the remaining portion of the tail passage.

Four prominent LEP events are seen, the first occurring approximately

20 hours prior to the moons re-entr-y into the magnetosheath. The most

important fact to notice is that the periods of observation of the

LEP events are found in close conjunction to, but separated from, times

when the plasma sheet is observed, i.e., simultaneous observations of

LEP spectra and plasma sheet spectra are not seen.

In Figure 3.4 the location of the events has been plotted

in solar magnetospheric coordinate. On the inbound side (solar mag-

netospheric longitude less than 3.14 radians) the events span a distance

of approximately 12 Re in the Ysm direction and approximately 9 Re in the

Z smdirection with the longest continuous event traversing - 5 Re in

the Z direction and - 2.25 R in the Y direction. Similarly on the
sm e sm

outbound side (solar magnetospheric longitude greater than 3.14 radians)

the events cover distances of - 18 R in the Y direction and - 9 R
e sm e

in the Zsm direction with the longest event covering distances of

Y 4 R and Z - 2 R
sm e sm e

One may make estimates of the integral flux, bulk velocity,

temperature and number density as discussed previously. Figures 3.5

and 3-7 show these parameters for the LEP events observed in this first

lunation, (the shaded areas show periods of observation of the LEP's).

One sees that the encounter of the instrument with the initial of these

low energy events is accompanied by a rapid decline in the bulk velocity

and temperature from 250 km/sec to 120 km/sec and from 1.5 x 10'*K to

2 'x 10sK, respectively. Taken as a group these inbound LEP events

exhibit an integral flux intensity of approximately .1 to 1 x 107 ions /

cm2-sec-ster and a bulk velocity on the order of 100 to 200 km/sec,
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with temperatures varying between .8 and 4 x 105"K and number densities

of - .2/cm3 . Similar behavior is seen in the data for the outbound

portion of this tail passage. The main difference is that the integral

flux is greater during this period reaching a value as high as 9 x 107 ions

cm2-sec-ster. This increase produces no noticeable change in the tempera-

ture or bulk velocity of the LEP's. The number density is, however,

increased close to an order of magnitude to between 1 and 2.5/cm
3 .

Figures 3.6 and 3.8 show the magnetic field configuration during

approximately the same portions of the tail passage as in Figures 3.5

and 3.7. The latitude, longitude and magnitude of the field have been

plotted in solar equatorial coordinates as functions of time. Again

the periodi where the LEP events were observed have been shaded. The

lowest panel displays the differential flux in the 100 eV channel with

the background not subtracted. This channel was chosen since it

represents the approximate region of the peak of the energy spectrum

for the LEP events.

One sees that the tail is well ordered for the entire span over

which the LEP events were observed inbound. Specifically, no deviations

in the field can be seen to correlate with either the appearance or

disappearance of the LEP events. Such an orderly and steady configuration

indicates that the moon was in the high latitude lobe of the tail during

this entire period. This is further supported by the fact that the

first neutral sheet crossings is not seen until GMT 1258 on day 29

and the actual cross over to the low latitude region does not take place

until GMT 1200 on day 30; long after the last of the inbound LEP events.

Similar behavior is seen for the outbound events.



Figures 3.2&3.3 Plots showing the counting rates

in the 20 channels of the Total

Ion Detector for the tail passage

in lunation 1. Periods in which

the moon encountered the plasma

sheet (PS),magnetosheath (MS), and

low energy protons (LEP) have been

labeled.

Figure 3.4 The position of the moon in solar

magnetospheric coordinates has been

plotted for the times during which

LEP's are observed. The arrow points

to the location for the event during

which significant spectral variation

in the low energy protons was observed.

Figures 3.5&3.7 Two and one half minute averages of

the plasma parameters have been plotted

for the times during which LEP events

occured in the tail passage of lunation

1. The approximate period over which

the LEP events occured has been shaded.

Figures 3.6&3.8 The latitude, longitude, and magnitude

of the magnetic field have been plotted

in solar ecliptic coordinates as functi

of time for the periods of the LEP e-

vents. The longitude correction angle

is approximately 50 degrees. The times

for the LEP events have been shaded.

The lowest panel gives the differential

flux in the 100 eV/q channel without

the background subtracted.



Figure 3.9 The time behavior of the spectra

for the first LEP event outbound

in lunation 1 is shown in four spectra

which span the event. The time at

the top of each graph refers to the

start time for the spectrum to which

the arrow does not point. Each spec-

trum is a ten minute average.
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The LEP events for this lunation exhibit little time variation

as to their spectral characteristics, showing a peak centered normally

in the 100 eV region with a maximum differential flux of from 2 to

5 x lOSions/cm2-sec-ster-eV. The one exception to this behavior is

found in the LEP event which runs from GMT 0406 to GMT 0656 on day 31

which exhibits a shifting of the peak towards higher energy and a

hardening of the general spectrum during the course of the event.

This behavior is shown in Figure 3.9. Four spectra are shown

in this illustration; the first taken at the onset of the LEP event

and the other three spaced over the next two hours. All four spectra

are ten minute averages of the data. These show clearly the broadening

of the spectrum out to energies greater than three kilovolts and the

gradual shifting of the peak from 100 eV to a value in the range of

250 eVs. Figures 3.4 and 3.8 show that the instrument was moving towards

the neutral sheet during the period of this LEP event, encountering the

neutral sheet approximately three hours after the cessation of the

event. This is further supported by the fact that the moon is seen to

enter the plasma sheet immediately after the LEP event terminates.

3.5 Lunation 2

Figures 3.10 and 3.11 show the counting rates observed by the

Apollo 14 instrument for the third tail passage of 1972. As before a

series of low energy events are observed for approximately one day

following the entry of the moon into the tail. The time after this

exhibits significant counts only in the higher energy channels of the

TID which, as before, indicates that the instrument is in the plasma

sheet. Such observations dominate the vaste majority of the time for
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this passage with the only LEP events observed outbound found close to

the magnetopause bracketed by times dominated by sheathlike spectra.

The corresponding spatial locations are shown in Figure 3.12.

Parametrically these LEP events display little significant

difference from those of the previous lunation (see Figures 3.13 and

3.15). The only point that should be pointed out is the high number

density (approximately 2.5/cm3 ) associated with the outbound LEP

events.

As in the previous lunation the LEP events are found to occur

in the well ordered field regions of the lobes of the tail. (Figures 3.14

and 3.16.) Inbound the behavior of the field during the LEP events

shows little variation,displaying a lobe like configuration. Outbound

the behavior is more unusual. On day 61 GMT 1800 the moon enters a

region of disorganized field reflective of the magnetosheath (see

Figure 3.16). This is verified by the simultaneous observation of

characteristic magnetosheath spectra by the SIDE. This behavior is

maintained until GMT 1932 when the Explorer 35 satellite reenters

a region of ordered field. This is followed at GMT 2100 by the advent

of a LEP event seen in Figure 3.16- as a rise in the differential flux

in the 70 eV channel. This LEP event last until day 62 GMT 0400.

The field data is unfortunately discontinuous during this period making

it impossible to be definitive as to the field configuration for the

entire LEP event. When, however, field data is again available, after

the end of the LEP event, it is seen that the moon is once more in the

magnetosheath. The one other LEP event taking place in the period

covered by Figure 3.16 is also seen to correspond with the entering of

the moon into the ordered tail field region from the magnetosheath

at GMT 0632.



Figures 3.10&3.11 Counting rates for the Apollo

14 TID for the second tail pas-

sage of 1972 showing the moon's

encounters with the plasma sheet

(PS), magnetosheath (MS), and low

energy proton regions. (LEP)

Figure 3.12 The location of the moon in solar

magnetospheric coordinates has been

plotted for the times in the tail

passage of lunation 2 during which

the LEP events were observed. (.1

radian = 6 R )e

Figures 3.13&3.15 Two and one half minute averages

of the plasma parameters have been

plotted for the periods during which

LEP events were observed in the 2nd

tail passage of 1972. Shaded regions

correspond to periods of observation

of the LEP events.

Figures 3.14&3.16 Latitude,longitude, and magnitude of

the magnetic field are plotted in

solar ecliptic coordinates as functions

of time for the period during which

LEP events were observed in the 2nd

tail passage of 1972. The differential

flux in the 100 eV/q channel is plot-

ted in the lowest panel without the

background subtracted. The correc-

tion angle for the longitude is again

50 degrees.



Figure 3.17 Four plots of the differential

flux spectra for the period of

transition of the moon from the

LEP region into the magnetosheath.

The time at the top of each plot

refers to the start time for the

spectrum to which the arrow does not

point. Each spectrum represents a

ten minute average.
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The time history of the spectra for the first of the LEP events

outbound is shown in Figure 3.17. Representative spectra are presented;

the first showing the spectrum during the middle of the LEP 
event and

the other three showing the rapid transition into the magnetosheath.

The former is characterized by its narrowness and its peak 
in the 100 eV

channel. The other three show a shifting in the peak towards higher

energy and a broadening of the spectrum into all 
the higher energy channels

of the detector. At the same time there is a decrease in the magnitude

of the differential flux at the peak. All this is suggestive of some

interaction between the two particle regimes across the 
magnetopause.

3.4 Lunation 9

Lunation 9 contains the longest period for observation of the

LEP events for which magnetic data has been obtained. Figures 3.18

and 3.19 show the general behavior of the data for this 
tail passage.

As before, on the inbound portion of the passage the 
low energy events

occur over a period of approximately 18 to 24 hours 
after the initial

passage of the moon into the tail. The observation of these LEP events

is terminated by the entry of the moon into the 
plasma sheet. The

plasma sheet is seen to dominate the inbound portion 
of the tail passage.

Outbound, however, only one brief encounter with 
the plasma sheet is

observed, the rest of the time being dominated by 
a long period of

continuous observation of the LEP's. Parametrically and spatially the

LEP events follow the same pattern established in 
the previous lunations.

(See figures 3.20, 5.21, 3.33, and 3-35.)
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The magnetic field configuration for the times of observation

of LEP events for this lunation are shown in Figures 3.22, 3.24, and 3.26.

Magnetic data is not available for the times of the LEP events inbound.

Figure 3.22 does show, however, the ordering of the field as the moon

enters the tail. The outbound LEP events can be verified to take place

on well ordered field lines. Figure 3.24 shows that when the LEP's

were encountered in day 267 the moon was in the high latitude lobe of

the tail. As before, the abrupt increase in the flux of 100 eV particles

produces no change in the field direction. The magnitude of the field

appears, however, to change dependent on the intensity of the event.

Magnetic data is available for the period of these LEP events starting

at GMT 1230. The advent of the first event after this time shows a

decrease of - 4 gammas in the magnitude of the field as the intensity of

the LEP event approaches it maximum and a subsequent return to a field

strength of 21 gammas as the LEP event dies away. The field strength

is again observed to fall off with the commencement of the next event

at GMT 1800. The magnetic field data is discontinuous in the middle

of this LEP event and this variation of the field magnitude is not

observed during the next LEP event when data for the field is available.

This could be a result of the fact that the LEP events where this

variation in magnitude is not observed are a factor of four lower in

their integral flux than those events in this lunation where the varia-

tion was observed.



Figures 3.18&3.19 Twenty minute averages for the

twenty channels of the TID plotted

as a function of time for the tail

passage of lunation 9. The encoun-

ters of the moon with the plasma

sheet (PS), magnetosheath (MS), and

low energy proton regions (LEP) are

labeled in the figures.

Figure 3.20 The portions of the lunar orbit

for lunation 9 during which low

energy protons were observed. The

positions are calculated in solar

magnetospheric coordinates. (.1 rad-

ian = 6 R )e

Figures 3.21,3.23&3.25 The plasma parameters 
for the

times of the low energy proton e-

vents are plotted as a function of

time for lunation 9. Shaded areas

shows the times when the LEP's were

observed.

Figures 3.22,3.24&3.26 The magnetic field 
configuration

for the times of the low energy events

is plotted as a function of time.

The lowest panel gives the differential

flux in the 100 eV/q channel of the

TID without the background subtracted.

The correction in longitude is 20 de-

grees. The shaded regions show the

times of encounter of the LEP's
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3.5 Lunation 13

Lunation 13 exhibits two LEP events which are of note. Figures 3.27

and 3.28, which illustrated the general nature of 
the Side data for

this tail passage, show that the two LEP events are observed during

periods close to those times then the moon encounters 
the magneto-

pause. For regions deeper in the tail the plasma sheet 
is seen to

be the principle particle regime encountered.

The behavior of the LEP events display considerable time

variation. Figure 5.29 shows the inbound behavior of the plasma

parameters. The crossing into the tail is clearly seen in the sharp

falloff in the integral flux at - GMT 2000. This is followed at GIWT 2800

by the appearance of the low energy ions. The LEP event exhibits a

shifting towards higher energy and temperature as the event 
proceeds.

The bulk velocity starts at 120 km/sec and appears to nearly double

during the course of the event with a similar doubling of the tempera-

ture during the same period. During this period the moon was moving

towards the theoretical location of the neutral sheet (Figure 3.33). At

the termination of the event the moon enters the plasma sheet as 
witnessed

in Figure 5.29 by the drop in integral flux and the rise in bulk velcity

and temperature.

Figure 3.51 shows the characteristics of the 
events on the

outbound p.ortion of the tail passage. The first LEP event commences

on day 19 GlI 1500 with the phenomenon being observed continuously

over the next eight hours. As in the inbound case a shifting towards

higher energy is observed. Over the course of the two hours prior to

the disappearance of the event there is a rise in the bulk velcity

from _ 120 km/sec to - 50 k2n/sec with a corresponding rise in
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temperature from 5 x 104"K to 1.5 x 106 K. This appears to correspond

to a re-entry of the moon into the magnetosheath. Several short events

are seen following the moons re-entry into the tail at GMT 2000 on

day 19. There duration is " 1 hour. The moon re-enters the magneto-

sheath abruptly at 0130 on day 20.

Magnetically one can verify that the moon enters the ordered

field region at GMT 1800 on day 16 (Figure 3.52). Data is unfortunately

discontinuous over the period of the inbound events. One sees that the

field is ordered at the beginning of the event but, due to the lack of

data no definitive statements can be made as to the field configuration

for the entire time of the phenomenon. Outbound data is available

starting at GM 1500 on day 19. (Figure 3.33.) The field is seen to be

well ordered for the LEP events in this region. The only anomaly is

a sudden doubling of the field strength in an approximately twenty

minute periods commencing at GMT 1858 on day 19. This coincides

within ten minutes with a five fold increase in the integral flux

and a sommensurate increase in the number density to 2.5/cm
3 . At the

same time the bulk velocity is seen to remain constant and the tempera-

ture to drop an order of magnitude to a value of - 5 x 1O4 K. From

spectra it appears that the moon re-enters the magnetosheath at GMT 1918

day 19. Comments on the remaining events are not possible because of

the lack of data.

The behavior of the outbound LEP event can be better understood

in terms of the spectral variation with time. The eight spectra shown

in Figures 3.54 and 5-35 cover the period for the phenomenon and show

the spectral transition intot he magnetosheath.



Figures 3.27&3.28 Twenty minute averages of the

counting rates in the twenty

channels of the TID plotted as

a function of time for the tail

passage of lunation 13. The en-

counters counters of the moon with the

plasma sheet (PS), magnetosheath

(MS), and low energy proton regions

(LEP) are labeled in the figures.

Figures 3.29&3.31 Plasma parameters for the times

of the LEP events for the tail

passage of lunation 13. Two and

one half minute averages are plot-

ted as functions of time for inte-

gral flux, bulk velocity, temperature

and number density. Shaded regions

correspond to periods during which

the LEP's are observed.

Figures 3.30&3.32 The magnetic field configuration

plotted in solar ecliptic coordinates

for the times of the low energy

proton events in lunation 13. The

lowest panel gives the differential

flux in the 100 eV/q channel with

the background not subtracted. The

longitude correction is approximately

50 degrees. The shaded areas show

the times of encounter of the LEP's.

Figure 3.33 Location of the moon in solar mag-

netospheric coordinates for the times

when the low energy protons were en-

countered in lunation 13. (.1 radian =
6 R)e



Figure 3.34 Comparative spectra for the three

different particle regimes encoun-

tered by the moon during the tail

passage of lunation 13.

Figure 3.35&3.36 Eight spectra are plotted showing

the behavior of the outbound LEP

event as the moon enters the magneto-

sheath. The time at the top of each

plot refers to the start time of the

spectrum to which the arrow does not

point. All spectra are ten minute

averages of the data.
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3.6 Lunation 3

One other tail passage of special interest will be mentioned

here because of the duration of the LEP events observed. Lunation 3

is the orbit for which the most hours of observation of the LEP

events were found. Nearly 60% of the time of the tail passage for this

orbit was dominated by LEP spectra. Figure 3.30 shows that the events

appear spatially across much of the range the moon traversed in the Ysm

and Z directions. Particularly on the outbound portion of the tail
sm

passage, the LEP events are nearly continuous over 14 R in the Y
e sm

direction and 7 R in the Z direction.e sm

Figures 3.38 and 3.39 show the behavior of the events for the

two days prior to the moon's entry into the magnetosheath. The LEP

events are dominant for 34 hours of this time exhibiting a bulk

velocity of 100 to 200 km/sec, an integral flux of 1 - 6 x 107 ions/cm2 -

sec-ster, a temperature of 6 x 104 to 2 x 1060K and number densities of

.1/cm3 to 2/cm2 . The most striking feature-of this period is the

relative stability of the LEP events over such an extended period of

time and over such a vaste spatial extent.

3.7 General Observations

In order to gain some insight as to the overall spatial

features of the phenomenon it is useful to plot the position of the

moon in solar magnetospheric coordinates for the times when

the LEP's were observed. (See Figure 3-41a) For comparison

the complete orbits for the fifteen lunations also have been

plotted in the SM coordinate system. (Figure 3-41b) It is of

note that the envelope for the space swept out by the moon de-



Figure 3.37 Twenty minute averages of the

counting rates for the 20 channels

of the TID plotted as functions of the

time for the tail passage of lunation

3. The different particle regimes

encountered are labeled MS, for

magnetosheath, PS for plasma sheet,

and LEP for low energy protons.

Figure 3.38 The location of the moon in solar

magnetospheric coordinates for the

times when the LEP events were ob-

served. (.1 radian = 6 R )

Figures 3.39&3.40 The plasma parameters for the out-

bound LEP events in the tail pas-

sage for lunation 3. Shaded regions

correspond to the times for the LEP

events.
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fined by these orbits is not symmetric about the point Y sm Zsm = 0.

This asymmetry is produced by the moon's five degree inclination to the

ecliptic and the apparent yearly +23 degree wobble of the earth's

spin axis in solar ecliptic coordinates.

The net effect of this asymmetry is to produce a higher den-

sity of coverage over a smaller spatial extent for solar magneto-

spheric longitudes less than 180 degrees than for longitudes great-

er than 180 degrees. Inbound the moon is restricted to a region

relatively close to the (XY) apiane. There are more than twice

as many crossing of the (XY)m iane on the inbound portions of the

orbits as opposed to the outbour.l portions. This means that in-

bound the moon has a higher probability than outbound of being near

the (XY)sm plane during times when the plasma sheet is either thin

or displaced. This behavior is reflected in Figure 3-41a which

shows that numerous events are seen near the (XY)sm plane inbound

while no LEP events are seen near the plane outbound. The complete

lack of LEP events near the (XY)sm plane outbound is, however, some-

what anomalous and may indicate another mechanism operating to exclude

the particles from this region. What all the above indicate is

that the phenomenon has potentially a very large spatial ex-

tent since observations are found from +17 R to -17 R in thee e

Z direction and from -36 Re to +33 R in the Y smdirection.

It must be kept in mind, however, that the region for the par-

ticles is separate from the plasma sheet. The observation of

LEP's near the (XY)sm plane must therefore correspond to times

when the plasma sheet was either very thin or displaced from its

expected location.



Figure 3.41a The position of the moon during

each of the 265 LEP events studied

has been plotted in solar magneto-

spheric coordinates. (.1 radian =

6 R)
e

Figure 3.41b The orbit of the moon for the

fifteen orbits studied has been

plotted in solar magnetospheric

coordinates in the SM longitude

range from 2.54 to 3.74 radians.

(.1 radians = 6 R e )
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This still leaves the question as to in what region exclusive

of the plasma sheet these events are found. First, it must be determined

if the LEP events are confined to a relatively thin "boundary layer"

at the flanks of the tail and along the boundary between the plasma

sheet and the lobes, as suggested by Akasofu. This suggestion seems

contradicted by the Side data. If one considers again lunations 3 and

9 which were discussed earlier one sees that continuous LEP events are

observed during times in which the moon travled distances of 18 R or

more in the Ysm direction and 9 Re or more in the Zsm direction. Such

observations are not reconcilable with a thin "boundary layer". That

the events are instead either homogeneous throughout the lobes

or comprise a thick "boundary layer" appear more in keeping with the

data but no definitive statement can be made without further analysis.

One may also study the incidence of the events as a function

of the look angle of the instrument. Since the LEP events are observed

to take place on the ordered field lines of the tail lobes, it is logical

to investigate their incidence as a function of the angle between the

detector and the field line. For this purpose we assumed the field

lines to be aligned in the perfect antisolar direction, i.e., the longi-

tude of the field to be exactly 180 or 360* and the latitude to be

exactly 0 degrees. From the magnetic field data which has been pre-

sented this appears to be a reasonable assumption for the LEP events.

To accomplish his angular study, the extent over which the

events were observedwas divided into a series of five degree wide

bins. The number of minutes a given event was in a given bin was

calculated and that number stored in that bin. The process was repeated

for all 265 events with the total number of minutes in each bin then
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being summed. The results of this analysis are shown in Figure 3.42.

The two dark vertical lines in the figure represent the average angle

of the detector with respect to the field line for the entry and exit

of the moon from the tail.

This graph pointsout several important facts. First, the LEP

events must have an angular extent of at least the 50' over which the

Apollo 14 SIDE sees the events otherwise the observation of so 
many events

at both the inbound and outbound flanks of the tail could not be explained.

Secondly, there appears to be more LEP events occurring at times when

the angle between the magnetic field and the detector was large (angles

greater then + 10°) than when it is small. This can be attributed to

three factors. First, part of this is due to the fact that the Apollo 14

instrument looks back approximately at the earth. Thus the bins for

the smallest angles of the detector with the respect to the field repre-

sent periods when the moon was approximately in the middle of the tail

and close to the location of the neutral sheet. This would normally

correspond to times when the moon was in the plasma sheet. Since we

have already seen that the LEP events do not occur in the plasma sheet,

few observations of the LEP events should be made during this time;

as is the case. Secondly, part of the observations at large angles

arises from the fact that the moon sweeps through a larger and larger

region of space in solar magnetospheric coordinates with increasing

distance, 1Y I from the center of the tail. This increases the

probability of an encounter with the LEP's and thus the total number

of events observed. Lastly, the peaking of the frequency of events

away from the center of the tail may indicate an increase in spatial

extent of the events near the magnetopause. This last conclusion will



Figure 3.42 Distribution of the observations

of the LEP events as a function of

the angle between the detector and

the magnetic field lines of the lobes

of the geomagnetic tail.

Figure 3.43 Distribution of the duration of the

LEP events as a function of the angle

between the look direction of the TID

and the field lines of the lobes of

geomagnetic tail.

Figure 3.44 Plot of the average Kp for the times

of the LEP events in a lunation ver-

sus what percentage of the tail pas-

sage was dominated by the observation

of LEP events.
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be by no means certain, however, until the motional and positional

effects mentioned above have been more completely studied.

Inspite of the above the look direction is not completely

insignificant. Figure 3.42 shows that outbound the majority of the

events occur in an angular range of 0 to 15" relative to the field

lines. These outbound LEP events tend to be the most intense observed;

in general displaying considerable higher integral flux than the inbound

events where the angle between the detector and the field lines is much

greater. Similarly the high observation rate in the -15 to -0l bin

can be principally attributed to the two most intense events inbound;

one in day 118 of 1972 and the other in day 77 of 1975.

This is further supported by the distribution of durations as

shown in Figure 3.4 . In this figure each angular bin has been divided

by the total number of events it contained and the average duration has

been plotted as a function of angle. Two bins have been deleted, since

they each contained only two events which was deemd too small a sample

on- which to base an average. One sees that the longer term events are

associated with smaller angles relative to the field lines than was true

in the.total observations distribution. This is especially true on the

outbound portion where the average duration is seen to decrease with

increasing angle. This is sensible in terms of flow along the field

lines since it would become increasingly difficult for the instrument

to detect low intensity events the further its look direction moved

away from zero with respect to the field lines.

More information can be acquired by considering the other two

instruments for which data is available. As stated previously, when

simultaneous data was available, and has been analyzed, the. events were
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seen by all three instruments. In Figure 3.42 below the angular bins

for the Apollo 14 instruments are listed the comparable angular bins

in which the events would be found for the Apollo 12 and 15 instruments.

One sees that this greatly increases the angular extent over which the

events are seen. The angular extent now is on the order of 100. The

answer is somewhat rough, however, since few comparably Apollo 12 events

have been found due to a scarcity of tail data for the instrument.

Finally the dependence of the events on geomagnetic activity

can be investigated. So far no relationship has been found between

Kp and the intensity or duration of the events. There does, however,

appear to be a relationship between the amount of the tail passage

which is dominated by the LEP events and the Kp averaged over the time

when the LEP events occurred. Table 2 shows the total hours of observa-

tion of the event for each lunation, what percentage of the tail passage

that time comprises, and the Kp averaged over that period. In

Figure 3.44, this averaged Kp has been plotted versus the percentage

of the passage that was dominated by the event. One can see that the

percentage tends to increase for increasing Kp. When a linear regression

is run on the data a correlation coefficient of r = .55 is obtained.

Such a correlation has a three percent probability of arising from a

random data set. The corresponding line to this least square fit is

labelled one in the graph.

The one point which deviates most from the data is that arising

from lunation three. If this one lunation is treated as atypical; a

fair assumption since it has twice as many hours of observation as any

other tail passage, and if the linear regression is run again, we

obtain a correlation factor of r = .670. This has a probability of



Table 2

Lunation Hours of LEP percentage Kp averaged
observations of passage over LEP events

dominated by
LEP events

1 16.167 18.37 2.54

2 14.50 15.42 1.03

3 42 683 59.28 2.97

4 16.350 16.35 2.86

5 2.10 2.01 1.45

6 3.083 3.90 1.47

7 13.650 13.38 2.60

8 5.667 6.75 1.683

9 20.132 26.84 2.32

10 8.00 10.39 2.31

11 6.232 7.16 2.73

12 3.81 4.01 1.30

13 11.733 14.49 2.70

14 17.117 18.66 3.02

15 17.533 28.28 3.90



less than 1% of arising from uncorrelated data. The line labelled

two represents the least square fit to this condition.

It appears, therefore, that the frequency of occurrence 
does

depend on the general geomagnetic activity as measured by 
Kp. This

has two possible explanations. First, an increase in Kp could correspond

to an increase in the motion of the magnetotail. This could move the

LEP events past the moon more often than in periods of low activity.

This approach fails to explain the long periods of continuous observa-

tion which are normally associated with the more prominent LEP events.

Such an explanation would require that the induced motion in the tail

mirror the motion of the moon in solar magnetospheric coordinates.

This seems unlikely. The second approach would require some mechanism

tied to geomagnetic activity which would increase the number of particles

placed on these field lines. In other words the means by which the

particles get on to these field lines must be tied to the general geo-

magnetic activity with an increase in activity increasing 
the number

of particles that are fed onto these field lines.

Lastly since the events are related to Kp this explains some

of the scatter of the data in the Zsm direction. During periods of

high Kp the location and thickness of the plasma sheet 
and neutral

sheet can vary greatly thus destroying any possible ordering of the

events in solar magnetospheric coordinates. This, coupled with the

deviations in the location of the tail caused by variations in the

solar wind parameters, is probably responsible for much of the scatter.

This does fail, however, to explain the anisotropy between the inbound

and outbound portions of the tail; unless this is merely a statistical

artifact.
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3.8 Observational Conclusions

Considering all of the above the following observational con-

clusions can be made as to the nature of the phenomenon.

i. The events represent a phenomenon uniquely separate from the

other particle regimes traversed by the moon. The spectrum for the

events, normally exhibiting a peak between 50 and 250 eVs, is both

narrower and of lower energy than either the magnetosheath or the plasma

sheet. This is reflected in the LEP's low bulk velocity (100 to 250 km/s(

and low temperature (less than 5 x 10S'K). Similarly they have a number

density of .2 to 5.0/cm3 which is intermediary between the other two

particle regimes.

2. The LEP events are found to occur only on the well ordered field

lines associated with the high and low latitude lobes of the geomagnetic

tail. Magnetically they are not seen in close proximity to the location

of the neutral sheet and little if any perturbation in the field is

produced by either the advent, duration or cessation of the events.

It appears impossible to locate the LEP events from the field data.

Also abrupt changes in the spectra observed can be made to correspond

to a traversal from one magnetic region to another, i.e., from

transitions between the tail lobes, the plasma sheet and the magneto-

sheath.

- 3. There are numerous cases where there exists a shifting in the

spectral characteristics of the events associated with passage from

regions of ordered field where the low energy spectra are seen, to

regions of disordered fields where magnetosheath spectra are observed.

This transition is marked by a gradual broadening of the spectrum and

a shifting of its peak towards higher energy.
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4. Spatially the events occur over a wide region extending very

deep into the tail (greater than 15 Re in the Ysm direction) and to

the maximum extent of observation in the Z direction. The heaviest
sm

density of events is, however, associated withregions closer to the

magnetopause.

5. The LEP events have a broad angular extent. They are observed

over an angle of at least 500 and perhaps greater than 1000.

6. The events display no systematic ordering in solar magnetospheric

coordinates. Whether this is due to the failure of the coordinate

system at such large distances from the earth where solar wind effects

on the location of the tail would tend to be important, or due to the

intrinsic nature of the events will require more field data. The

LEP events, nonetheless, are found only exterior to the plasma sheet.

7. The frequency of observation increases with increasing Kp

either indicating increased motion of the tail or an injection

mechanism whose operation either arises from or is reflected by geomag-

netic activity.

8. The events appear to be sporadic within the sensitivity of the

instrument, i.e., the events do not seem to point to a region of fixed

size where the constant flow of particles along field lines take place,

but rather it appears as if there are regions to which particles are

given access on some occasions by some as yet unspecified mechanism.

If this were not true there would not be lunations in which practically

no observations of the LEP events were made.



3.9 Theoretical Considerations

From the above data one can make some statements as 
to the

possible ways in which these particles may gain access 
to the region

in-which they are observed. Two somewhat interconnected theories have

been proposed to explain the existence of such particles. 
Hones has

suggested (Hones et al., 1972) that the region in which these particles

are observed is a mapping back into the tail of the 
field lines of the

cusp where, through magnetic merging, particles 
have been allowed to

enter. This fits fairly well his observations at 18 Re where 
most of

the events are found in close proximity to the magnetopause. 
At lunar

distances the more extended region over which the particles 
are seen

makes this theory untenable.

A somewhat more inclusive theory has been offered by R. 
A. Wolf

(private communication). In this theory as in Hones, particles are

allowed to enter by merging through the cusp. This produces particles

flowing backward on the field line close to the magnetoapuse 
and

possessing some distribution in velocity. These particles will be

exposed to the cross tail electric field and as a result 
they will

execute E x B motion convecting them downward towards 
the neutral

sheet. The slower moving particles being exposed to the tail field

for a longer period of time will be convected further down than the

faster moving particles. This would predict only lower energy particles

deep in the tail.

Some crude calculations can be made to test this theory. If

one assumes that the cross tail potential is on the order of 5 x 10

volts and that the tail has a diameter of N 45 Re , a number in keeping

with the SIDE observations, one may calculate a rough number for the



Figure 3.45 Cross section of the tail, assumed

circular, showing the region in which

ions of energy less than 100 eV would

be expected to drift by the time they

reached lunar distance assuming a

cross tail potential drop of 5 x 104

volts.
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field strength. Assuming the field to be homogeneous one gets

E = .174 volts/km

Using a field strength of 15 gammas 
(1.5 x o10- Gauss) one derives an

E x B velocity of approximately 1i.6 km/sec. For a 100 eV particle,

assuming most of its energy is in flowsmotion, one computes a velocity

of 138 km/sec and a transit time to 
the moon of 46 minutes. This

means that the particles could E x B drift towards the neutral sheet a

distance of - 5 Re . Figure 3.45 shows the region in which one would

expect particles with energy greater than or equal to 100 eV.

Similar calculations for the 50, 70, and 250 eV particles give

distances of - 7 Re , 6 Re , and 3.16 Re , respectively. This process

at first glance does not appear to give 
the particles enough motion

in the Zsm direction to account for the 
observed distribution.

There are two ways in which this difficulty 
might be overcome.

First, it is known that during substorms 
the magnitude of the cross

tail potential increases to values as high as 235 kilovolts; a potential.

drop almost five times the value 
used in the previous calculations.

Such a potential drop would imply a E 
x B velocity of 60 km/sec and

a convective distance for 100 eV particles of - 25 Re . This is more

than enough to account for the appearance 
of the events deep in the

tatl. Alternatively the potential drop might not be uniform across the

tail with a higher field region over a smaller 
extent giving the particles

the necessary cross field motion. Thus there is so far no insurmontable

contradiction.
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If the mechanism described above is responsible for the motion

of the particles one would expect that, if the magnitude of the 
potential

drop was kept constant, then the number of LEP events 
observed would

increase for decreasing diameter of the tail. This is due simply

to an increase in the field caused by the same potential drop being

applied across a shorter distance. This increase in observations

with decrasing tail diameter is somewhat supported by the 
data. The

three lunations in which the most hours of observations are found,

lunations 3, 9, and 15 are also the lunations with the smallest 
apparent

diameters, 38.6 Re , 40.26 R e and 33.28 Re, respectively. The diameters

in this case were determined by calculating the distance traversed from

the last magnetopause crossing inbound to the first outbound.

The data for all fifteen lunations is plotted in Figure 3.46.

We have plotted here the diameters of the tail versus the percentage

of the tail passage dominated by the events. Performing a linear

regression on this data we obtain a correlation factor 
of r = -.49804

which is surprisingly good considering the crudeness of the 
method

used to determine the diameters.

There are two other points which are supportive of the theory.

First, it can explain the apparent correlation between 
Kp and the number

of observations of LEP events. This is true since, if the events arise

from particles entering through magnetic merging at the cleft, an

increase in merging rate and therefore an increase in the 
time over

which particles enter would be reflected in an increase in 
geomagnetic

activity and therefore Kp. Secondly, it can explain the apparent burst

like behavior of the events. Since the merging rate is dependent on

the orientation of the interplanetary field relative to 
the earth field

-n har,:I



one would expect to see events only episodically, i.e., when the orienta-

tion for merging was optimum.

The theory runs into some difficulty, however, in accounting

for the spectral behavior of the events. It predicts that the lower the

initial flow energy of the particles the further 
they will drift towards

the neutral sheet by the time they reach lunar distances. In Figure 3.4

are shown the regions corresponding to the maximum drift distance that

could be covered by 50, 70, 100, and 250 eV particles 
assuming a cross

tail potential of 100 kilovolts. The assumption was made that the

particles entered in a region of one earth radius thickness at the

edge of the tail. The particles of a given energy are, therefore,

confined to a relatively small region in the Zsm direction. 
Super-

imposed on Figure 3.47 is a representative 
lunar orbit shown in solar

magnetospheric coordinates. Since the distribution in energy should

be continuous there should actually be a gradient 
in energy in the

positive Zsm direction above the neutral sheet and in the negative Zsm

direction below the neutral plane. Thus as the moon follows the orbit

shown in the figure it should observe a shifting 
in the energy of the

event as it travels up and down in the Zsm direction and as it

travels towards the center of the tail.

This sort of behavior is not supported by the data analysis

which has been done to date. Spectral variations of any significance

are the exception not the rule, with the spectrum in 
most cases showing

no variations over the period of observation. 
The few cases where

significant variation in the peak or width of the spectrum has been

noted have been associated either with motion 
in the wrong direction

for the shifting to agree with theory or with the shifting associated

ORIGINAL PAGE IB
iD DV1iD ATTAT IUI



Figure 3.46 Approximate diameters of the tail

plotted versus the percentage of the

tail passage dominated by the LEP

events. The line represents the least

square fit to the data.

Figure 3.47 Cross section of the tail showing

the regions in which 250 eV, 100 eV,

70 eV, and 50 eV particles would be

observed assuming the cross tail

potential drop was 100 kilovolts and

that the particles entered in a region

one earth radius thick at the magneto-

pause. A typical lunar orbit is solar

magnetospheric coodinates is also shown.
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with the transition into the magnetosheath. The first case was seen

in the lunation one where a hardening of the spectrum and shifting

of the peak was associated with motion towards the neutral 
plane. The

second case corresponds to the transition between the tail and mag_

netosheath seen in lunation two. There is evidence that the spectrum

remains quite constant over distances as great as 6 earth radii in

the Zsm direction. All this is in contradiction to the predictions of

the theory.

In conclusion it appears that while the theory is able to explain

some aspects of the phenomenon observed there exist discrepancies

between what is actually observed. This could be a basic incompatibility

We believe, however, that without further analysis the 
theory cannot

be discounted.

3.10 Further Analysis

There are several further projects which are necessary to fully

quantify and qualify the nature of 
the events.

I. An attempt should be made to fit a Maxwellian distribution 
to

the data to determine the plasma characteristics more exactly. The numel

integration method used in this thesis represents only a first approximat

method for determination of the parameters. We hope to considerably

improve on them.

2. We hope to obtain more Explorer 35 magnetometer data or

comparable data from the Apollo 15 Lunar Surface 
Magnetometer. Using

this data the location of all the events relative to the observation of

the magnetopause and neutral sheet can be compiled. 
It is possible

that much of the disorder of the inbound portion of the tail passage

is due to the inadequacy of the solar magnetospheric coordinates. 
By
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defining the locations of the LEP events in terms 
-of real observations

this difficulty will be partially eliminated and a 
more realistic

spatial distribution will be obtained.

3. Using such a revised spatial distribution the 
region through

which the moon passes may be divided into square elements of 1 or 2

earth radii each. The number of hours of observation of the events

in each section can then be calculated and normalized to the total

number of hours the moon actually spent in that region. 
This will

give a very precise picture of the spatial distribution.

4. All of these above-projects will require the analysis 
of more

tail passages. We hope to double the amount of tail time that has

been used.

5. The angular analysis needs to be done 
in finer detail with

smaller bins. Also the relative intensity in the three instruments

for simultaneous observations should be used to 
precisely define

the angular extent.

6. There should be a careful analysis to see if there is a

correlation between the occurrence of the events 
and the occurrence of

substorms. This can be most easily accomplished by the 
use of the

Auroral Electrojet (AE) index and the use of ground based magnetograms.

7. A more detailed analysis of the temporal 
behavior of the events

must be undertaken to ascertain whether any energy 
gradient exists.

8. Some observations have been made of double peaked spectra

associated with LEP events. These shall be studied further.
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